This study addresses the possible significance of trabecular connectivity for the mechanical quality of cancellous bone. A total of 141 cubic trabecular bone specimens collected from autopsy material from 56 individuals without any known bone or metastatic diseases were used. Age variation was in the range of 14 -91 years and a wide range of trabecular architecture was found. Each specimen was three-dimensionally reconstructed with a voxel size of either 20 or 25 m. Using the detailed three-dimensional reconstructions as input for microstructural finite-element models, the complete elastic properties of the trabecular architecture were obtained and maximum and mean stiffness could be calculated. Volume fraction and true three-dimensional architectural measurements of connectivity density and surface density were determined. Connectivity density was determined in an unbiased manner by the Euler number, which is a topological property. Using multiple regression analysis it was found that volume fraction explained by far the greatest part (84%-94%) of the variation in both mean and maximum stiffness. When connectivity density and surface density were included, the correlations increased marginally to 89%-95%. Noticeably negative regression coefficients were found for connectivity density. The results suggest that, in normal cancellous bone, the connectivity density has very limited value for assessment of elastic properties by morphological variables, but if a relation exists then stiffness decreases with increasing connectivity. (Bone 24:115-120; 1999) © 1999 by Elsevier Science Inc. All rights reserved.
Introduction
The assessment of mechanical properties of cancellous bone is of major interest when estimating its load-bearing qualities in osteoporosis and other pathological conditions. However, as the mechanical properties of cancellous bone cannot be measured directly, there is a need to relate them to morphology.
In the osteoporosis literature, connectivity is believed to be an important mechanics-related architectural measure, but very little evidence is available in support of this hypothesis. 4 The assumed relationship is based more on intuition than on quantitative data. Although connectivity may be an important feature in osteoporosis, most investigators have measured various "indices of connectivity" in two or more populations of cancellous bone specimens, but have not challenged the assumed explanatory properties of the "indices," or of "connectivity" itself. The interest in connectivity has originated largely from the study by Kleerekoper et al., who found lower "mean trabecular plate density" in iliac bone biopsies taken from osteoporotic individuals, as compared with normal individuals. 18 Similar results have been found upon comparison of normals to individuals with vertebral compression fractures. 28 However, none of those studies provided data on mechanical properties. Mosekilde et al. 19 suggested that changes in connectivity may explain the part of age-related decline in bone strength not explained by bone mass, which typically explains 60%-80% of the variation in stiffness and strength. 2, 3, 29 Including anisotropy, however, the correlation improves the explanatory capacity further (up to 92%). 10, 15, 24, 30, 31, 33 Evidently, these results suggest that the value of connectivity density as an additional explanatory variable might be rather limited.
In the present study, the term "connectivity" is defined as a property of topology; that is, as the maximum number of trabecular connections that can be broken before the structure divides in two parts. 6 In 1988, Feldkamp et al. presented a method to determine connectivity from three-dimensional reconstructions obtained using a newly developed microcomputed tomography scanner. 7 However, the serious problems associated with noise in such reconstructions and the artificial edges produced by taking a sample of cancellous bone out of its whole had not been solved prior to 1993. 23 At that time, Gundersen et al. published the dissector method for estimating connectivity from two close histological sections. Although unbiased measures of connectivity have thus been available since 1993, various other measures are still being used as indices of connectivity. The indices of connectivity comprise two-dimensional surrogate and two-dimensional model-based measures as well as a single threedimensional and model-free measure. The problem with twodimensional analysis is that it provides absolutely no threedimensional data regarding topology, such as connectivity, without model assumptions. 11 As a consequence, surrogate measures, such as bone pattern factor, 12 analysis of profiles and marrow islands, 14 or strut analysis, 9 will produce uncertain results of connectivity. 21 The plate model 27 seems, from its high prevalence of use, to be the "gold standard." It determines the mean trabecular plate density (MTPD), later renamed trabecular number (Tb.N), 26 a term that obscures the model dependency. In fact, it may represent plate density, but this interpretation requires the model assumptions of infinite parallel plates to be fulfilled. These assumptions are nontrivial to verify and one can be assured, just by inspecting cancellous bone, that an architec-ture consistent with pure parallel plates is seldom, if ever, seen. The three-dimensional measure "star volume," which measures the mean marrow space seen from a point, has also been suggested as an index of connectivity. 35 This measure, however, will increase with loss of trabecular components, but this may be the effect of loss of individual trabecular connections or as perforations of trabecular plates. 1, 25 The first will decrease connectivity, whereas the latter will increase it.
Combining precise three-dimensional reconstructions of trabecular architecture with recently developed micromechanical finite-element analysis (-FEA), 15, 33 which is suitable to determine stresses and strains in trabecular tissue and to simulate mechanical testing of bone specimens, we are now in a position where we should be able to verify possible implications of connectivity for the elastic properties of cancellous bone. The objective of this study was to test whether it is likely that connectivity density by itself, or in combination with other morphological parameters, has a significant explanatory value as a predictor of mechanical stiffness of normal cancellous bone. The elastic stiffness data was calculated from -FEA analyses of human cancellous bone specimens. Morphological covariates such as volume fraction and trabecular-surface density, which is numerically related to MTPD, were also considered in the analysis.
Materials and Methods
The present analysis was based on two series of cubic trabecular bone specimens. The material was collected from human autopsies, and the donors were without any known bone disorder or metastatic disease. The first data set (series I) consisted of 86 specimens from a 79-year-old male donor. The second data set (series II) consisted of 55 specimens, all collected from different individuals (38 men, 17 women), with a mean age of 58 years (SD 21) and a range of 14 -91 years. The two series were collected to study intra-and interindividual variation. The material was collected from six different anatomical regions: calcaneus, proximal tibia, distal and proximal femur, proximal humerus, and lumbar vertebral bodies. No particular attention was paid to the orientation of the cubes with respect to anatomical axes and locations were taken at random. The specimens were cut using a two-step cutting procedure producing cubes of 8 ϫ 8 ϫ 8 mm 3 . The method has been shown to produce geometrically accurate specimens. 16 Those specimens that macroscopically displayed irregular surfaces, missed a corner, or had "defects" from larger blood vessels passing through were excluded. The final collections of specimens in the two series are documented in Table 1 .
The three-dimensional architecture of the cubes was reconstructed and assessed in voxel meshes with sizes ranging from 20 to 25 m, using automated serial sectioning. 22 The reconstructions were used for high-resolution -FEA models by converting voxels to elements. Three compressive tests and three shear tests were simulated for each cube, using specially developed algorithms. 34 The -FEA calculations were performed on a Cray C92 supercomputer, which used between 2 and 3 h of CPU time per specimen. Combining the results from the six -FEA calculations, the full stiffness matrix, which contains the nine independent elastic constants, could be calculated for each cube. 32 In other words, a complete description of the elastic mechanical properties were obtained. The data were used for determination of the mean stiffness of each cube, by taking the average of the Young's moduli calculated in 5000 equally spaced directions in three-dimensional space. The maximum unidirectional stiffness was also determined. In the -FEA calculations, the tissue modulus (E t ) was arbitrarily set to 1 GPa. It reflects a quality property of the material itself and was not of concern in this study. In other words, the mechanical properties were normalized to the tissue modulus to obtain the mechanical properties of the architecture only. This should be the best basis for a comparison with histomorphometric variables, as those are pure measures of architecture as well.
From the three-dimensional reconstructions, morphological parameters were also measured. The volume fraction (V V ), the fraction of trabecular volume divided by specimen volume, was measured by simply counting the number of bone voxels relative to the total number of voxels in a reconstruction. The surface density (S V ), the surface area per specimen volume, was deter- 36 where I L is the average number of intersections between a linear grid of test-lines and the bone/ marrow interface per length. Data were sampled in 1000 equally spaced directions in three-dimensional space. Although representing a different concept, S V is numerically related to the "mean trabecular plate density" (MTPD), determined by the plate model 27 as MTPD ϭ S V /2. The connectivity was measured in an unbiased manner in three-dimensional space, using a modelindependent topological approach. The method corrects for topological boundary phenomena that may influence the results. 23 The Euler number () is the key to determine connectivity when using the Euler-Poincaré formula:
where ␤ 0 is the number of separated bone parts, ␤ 1 is the connectivity, and ␤ 2 is the number of marrow cavities fully surrounded by bone. Cancellous bone is one connected structure (␤ 0 ϭ 1), with no closed marrow cavities (␤ 2 ϭ 0); this could also be ascertained in the data set. Hence, by normalizing to the volume (V) used for sampling, the connectivity density (␤ 1V ) can be determined by:
The explanatory value of connectivity density for the mean and maximal stiffness was evaluated by regression analysis using the SPSS statistical package.
Results
The cancellous bone material covered a large range (5%-35%) of volume fractions (V V ) ( Table 2) . The mean Young's modulus (E mean ), the maximum Young's modulus (E max ), volume fraction (V V ), and surface density (S V ) displayed almost the same mean values, standard deviations, and ranges for the two series. The connectivity densities (␤ 1V ), however, were distributed in a higher range in series I than in series II.
To get an impression of the statistical variety of the data, and for comparison with other studies, individual correlations be- tween the variables for each series were evaluated. When plotting the variables against each other, nonlinear relationships were found in several cases. The data were therefore logarithmically transformed. Plots of the transformed data, including squared correlation coefficients, are displayed in Figures 1 and 2 . E mean correlated better than E max to the morphometric variables and higher correlations were found in series I (all specimens from one individual) than in series II (all specimens from different individuals). In summary, high correlations (R 2 ϭ 0.84 -0.95) were found for volume fraction (V V ), indicating the unique explanatory power of this variable, and modest correlations (R 2 ϭ 0.47-0.81) were found for surface density (S V ), and poor or no correlations (R 2 ϭ 0 -0.48) for connectivity density, ␤ 1V .
The explanatory power of the histomorphometric variables was challenged using the multiple regression relationship:
It was investigated whether the analysis could be applied to the two data sets pooled. Dummy variables were inserted to distinguish between the two series. For E mean , no significant differences were detected between regression coefficients (␣ 1-3 ) or intercepts (␣ 0 ) if each series was regressed separately, but for E max , intercepts were significantly different (p ϭ 0.023). Consequently, separate analyses on each series were performed for this variable.
Although volume fraction (V V ) could explain almost all the variance of the mean stiffness (E mean ), and the majority of the maximum stiffness (E max ), stepwise multiple regression analysis revealed that both connectivity density (␤ 1V ) and surface density (S V ) significantly explained some of the remaining variance of E mean ( Table 3) . Partial correlation coefficients of log(␤ 1V ) and log(S V ) were found to be Ϫ0.40 and Ϫ0.44, respectively, hence the two variables explained 16% and 19% of the remaining variance. For E max , ␤ 1V was the only variable that could explain some of the remaining variance (8% for series I and 31% for series II). Because V V explained so much of the variance the absolute increase in correlation coefficients was rather marginal when ␤ 1V was included. The most noticeable feature, however, was the negative regression coefficients found for connectivity density when controlling for the linear effect of log(V V ). Evidently, larger connectivity densities were slightly associated with lower stiffnesses for a given volume fraction in the present data set.
Discussion
The relationship between connectivity, including covariants such as volume fraction and surface density, on the one hand, and elastic properties, on the other hand, were investigated in cubic cancellous bone samples collected from human donors. Using micromechanical finite-element analysis, detailed elastic properties were derived purely from the trabecular architecture represented by three-dimensional computer reconstructions. The maximum stiffness and the mean stiffness taken over the entire cube were calculated for each sample as representatives of elastic properties. The morphometric variables were calculated from the computer reconstructions as well. A possible association between connectivity and elastic parameters was explored by multiple regression analysis using a general linear model of logarithmically transformed data, as no a priori relationship was known.
Whereas volume fraction explained by far the greatest part (84%-94%) of the variation of both mean and maximum stiffness, connectivity density actually explained some of the remaining variance (8%-31%) when it was included in the regression. Noticeable, negative regression coefficients were found; that is, higher connectivity density was associated with lower stiffness for a given volume fraction. In principle, this might be true for stiffness only and not strength, but generally stiffness and strength are closely correlated. 5, 29 The study by Kleerekoper et al. 18 is often considered to hold the reverse implication of connectivity. However, that study may not be comparable with the present investigation as it had a quite different design. The material consisted of iliac cancellous bone biopsies from normals and osteoporotic individuals. The two series were compared using the plate model; 27 however, the model assumptions were not verified, nor were measurements of mechanical properties included in the analysis, although it is likely that the "osteoporotic" samples had the lowest stiffness values.
The suggestions based on the study by Kleerekoper et al. may be correct if in that material there had been a positive correlation between "mean trabecular plate density" (MTPD), also denoted "trabecular number" (obtained from the two-dimensional plate model and numerically directly related to surface density 27 ), and connectivity density. However, different studies have shown that MTPD may either increase 10, 23 or decrease 1 with increasing connectivity. A possible explanation of this ambiguity could be that bone loss may produce broken trabecular rods as well as fenestration of trabecular plates; the former will decrease and the latter will increase connectivity, whereas surface density (or MTPD) is likely to decrease with bone loss. Presumably, there should be some limitations on how thick trabeculae can be and also on the ratio between surface and volume, as diffusion is the only way in which the osteocytes can be supplied with nutrients. 20 In this view, connectivity is probably ambiguously related to stiffness in disorders of bone loss, as broken trabecular rods and fenestration of trabecular plates both will decrease stiffness.
In such disorders, changes in trabecular connectivity may be highly dependent on the actual distribution of rod-and plate-like trabeculae.
The correlation of connectivity to volume fraction was modest (R 2 ϭ 0.54) for series containing samples from one individual only and nonsignificant for other series. Several other studies have found almost linear relationships. 10, 17, 23 In the study by Goulet et al., 10 negative values of connectivity density were found. This may suggest the presence of either some experimental problems with isolated noise particles in the three-dimensional reconstructions, which can produce positive Euler numbers (due to ␤ 0 Ͼ Ͼ 1) and consequently negative values of connectivity density (␤ 1V ), [see Eqs. (1) and (2)], or that the edge problems were not taken into account in those calculations. 23 The number of noise particles could be associated with volume fraction or surface density if they were produced at the bone/ marrow interface, which could lead to the correlation observed. Another possibility could be the variation between individuals: Goulet et al. had only four individuals in their study and we found better correlation for the "one-individual" series as well, hence it might be the case that connectivity density generally correlates to volume fraction within individuals but not between individuals. In the studies by Kinney et al. 17 and Odgaard et al. 23 samples from the same anatomical location were used. This may also explain their finding of a rather close relationship between connectivity density and volume fraction. It is likely that trabec- Figure 2 . The log-log correlations of E mean and E max , respectively, vs. the three morphometric measures, volume fraction (V V ), surface density (S V ), and connectivity density (␤ 1V ). Filled circles: series I; empty circles: series II. R 2 represents the squared correlation coefficient calculated for the log-converted data. Nonsignificant correlation marked "NS." ular architecture is rather constant in such materials (e.g., the distribution of rod-and plate-like trabeculae) as the mechanical environment would be more or less similar.
Our approach using finite-element analysis should theoretically provide a sound basis for the comparison of elasticity and morphometric variables as it evaluates the elastic properties of the architecture only. The idealized finite-element models, however, have not taken anisotropic properties into account, and these are likely to exist at the level of the matrix material constituting individual trabeculae, nor were these properties evaluated by the histomorphometric variables. This approximation seems to be reasonable when the overall properties at the trabecular level are of concern, because good agreement between experimental data from standard compression tests and finiteelement data has been found. 16 On the other hand, the present finite-element method cannot replace mechanical test experiments in general: it only provides data that refer to small local cancellous bone volumes, which must be distinguished from, although are probably related to, overall bone strength or fracture risk. Consequently, we cannot conclude from this study that fracture risk increases with increasing connectivity.
The anisotropic mechanistic behavior of cancellous bone in comparison to connectivity, which contains no information on anisotropy, was a fundamental problem in the present analysis. It is generally believed that the architecture of bone is adapted to its mechanical function; however, to our knowledge, it is not clear whether real-life fracture risk is better related to strength in one direction when loaded than in another direction. Although it was not examined in the present analysis, off-axis load (i.e., load in directions other than the primary direction of the trabeculae) may be important in fracture mechanisms. 8 In addition to Young's moduli, the finite-element calculations provided data on Poisson ratios and shear moduli. We chose only to look at Young's moduli as this quantity can be measured using standard compression tests and, in relation to fracture risks, the interpretation of the other elastic quantities seems even more difficult. In this light, we calculated the maximum stiffness (Young's modulus) and the average stiffness for each cubic sample for the analysis. The mean stiffness data are comparable with those of Hodgskinson and Currey, 13 who used the mean Young's modulus determined from three perpendicular compression tests. This value was shown to correlate well (R 2 Ͼ 0.9) with apparent density. In our analysis, we also found the highest correlations when using the mean stiffness. The reason for this is probably that the mean Young's modulus tended to reduce the variance caused by architectural anisotropy.
Several other factors limit the validity of the present analysis. We were not able to control for age and gender or anatomical locations in the present data set, as this would require a larger number of specimens. There were no known pathological disorders of the bone architecture in the material, so the results may not be valid in a population with serious bone disorders.
In conclusion, the present study indicates that, in normal bone, the connectivity density parameter has no or very limited value for the assessment of elastic properties by morphometric variables. If any relationship exists, this study suggests that the mean stiffness decreases when connectivity density increases. However, it may be that there is a role for connectivity density as an estimator for mechanical properties when studying pathological bone or bone that undergoes remodeling such as, for instance, in fracture healing. a The independent variables are volume fraction (V V ), surface density (S V ), and connectivity density (␤ 1V ). The ␣ and ␥ values represent the regression coefficients. R 2 represents the squared correlation coefficient, and SEE the standard error of the estimate. Variables were included using stepwise multiple linear regression. All variables were included under the criterion that the F statistic was greater than 3.84. S V did not significantly explain some of the variance of E max and was not included in this regression model. Notably, negative regression coefficients were found for connectivity density and surface density.
